A new mechanism is described for the cellular esterification of cholesterol derived from extracellular lipoproteins. Incubation of monolayers of cultured fibroblasts from normal human subjects with low density lipoproteins led to a 30-to 40-fold increase in the rate of incorporation of either [l4Clacetate or [14C]oleate into the fatty acid fraction of cholesteryl ["4Clesters. This stimulation of cholesteryl ester formation by low density lipoproteins occurred despite the fact that endogenous synthesis of free cholesterol was completely suppressed by the lipoprotein. Thus, exogenous cholesterol contained in low density lipoproteins, rather than endogenously synthesized sterol, appeared to provide the cholesterol substrate for this cellular esterification process. High density lipoproteins and the lipoprotein-deficient fraction of serum neither stimulated cholesteryl ester formation nor inhibited cholesterol synthesis. Both the low density lipoprotein-dependent increase in cholesterol esterification and decrease in free cholesterol synthesis required the interaction of the lipoprotein with its recently described cell surface receptor. Cells from homozygotes with familial hypercholesterolemia, which lack specific low density lipoprotein receptors, showed neither lipoprotein-dependent cholesterol esterification nor suppression of cholesterol synthesis. The reciprocal changes in free cholesterol synthesis and cholesteryl ester formation produced by low density lipoprotein-receptor interactions may play an important role in the regulation of the cholesterol content of mammalian cells.
Normal human fibroblasts possess, on their cell surface, a receptor that binds low density lipoproteins (LDL) with high affinity and specificity (1, 2) . Binding of LDL to this receptor regulates cholesterol metabolism in two ways: (i) it suppresses cholesterol synthesis by reducing the rate of synthesis of 3-hydroxy-3-methylglutaryl coenzyme A reductase (EC 1.1.1.34), the rate-controlling enzyme in cholesterogenesis (1) , and (ii) it increases the rate at which fibroblasts degrade the protein component of LDL (2) . Cells from homozygotes with the autosomal dominant disorder, familial hypercholesterolemia (FH), show a severe deficiency in the number of functional LDL receptor molecules (1) (2) (3) . As a result of this primary genetic defect, these mutant cells manifest two secondary abnormalities: overproduction of cholesterol (4) (5) (6) and deficient catabolism of LDL protein (1) (2) (3) .
We now report a third function of the LDL receptor. Binding of LDL to this receptor appears to initiate a cellular process for the esterification of cholesterol derived from extracellular LDL. In cells from homozygotes with FH, the deficiency in LDL receptors leads to an inability to esterify LDL-cholesterol.
METHODS
Cells. Skin biopsies were obtained with informed consent, and fibroblast cultures were established in our laboratory as described (7, 8) . In all experiments except those in Table 3 , the normal cells were derived from the foreskin of a healthy newborn, and the mutant cell line was obtained from J.P., a 12-yr-old female subject with the homozygous form of FH (4) . All cells were grown in monolayer, maintained in Eagle's minimum essential medium supplemented as described (1) , and used between the 5th and 25th passage. For all experiments, cells from stock flasks were dissociated with trypsin-EDTA solution (1) and were seeded (day 0) at a concentration of 1 X 101 cells per dish into 60 X 15-mm dishes (Falcon) containing 3 ml of growthmedium with 10% fetal calf serum. On day 3, the medium was replaced with fresh medium containing 10% fetal calf serum. On day 6, when the cells were in late logarithmic growth, the monolayer was washed with 2 ml of Dulbecco's phosphate-buffered saline, after which 2 ml of fresh medium containing 5% (v/v) lipoprotein-deficient human serum (LPDS) was added (final protein concentration, 2.5 mg/ml). All experiments were initiated on day 7 after the cells had been grown for 24 hr in the presence of LPDS.
Lipoproteins. Human LDL, high density lipoprotein (HDL), and LPDS were obtained from healthy subjects and prepared by differential ultracentrifugation as described (5 (11) , and each tube was centrifuged (900 X g, 10 min, 240). The bottom phase was evaporated to dryness under air, and the lipids were resuspended in 100 MAl of hexane and spotted on plastic-backed thin-layer plates coated with silica gel G without gypsum (Brinkman). The plates were developed in heptane-ethyl ether-acetic acid (85:15:2), and the lipid spots were identified with iodine vapor (cholesterol, RF 0.2; cholesteryl esters, RF 0.9) and counted in 10 ml of 0.5% 2,5-diphenyloxazole and 10% methanol in toluene. For each dish a correction was made for the recovery of the internal [3H]cholesterol standard, which averaged 75%. In experiments in which radioactivity in the medium was measured, the volume of chloroform-methanol was appropriately adjusted (11 (Table 1) .
The LDL effect on cholesterol and cholesteryl ester formation in normal and mutant cells was not affected by the omission of serum from the incubation medium (Table 2) . Lipoprotein-deficient serum did promote the excretion from the cells of an appreciable fraction of the newly synthesized free cholesterol, but not the cholesteryl esters (Table 2) .
To assay the LDL-dependent esterification more directly, cells were first preincubated with LDL (Fig. 2A) . In the presence of LDL the increasing incorporation of radioactivity with increasing amounts of ['4C]oleate was apparently due to a progressive increase in the specific radioactivity of the intracellular oleate pool rather than an increase in the absolute amount of cholesteryl esters formed. Using gas liquid chromatography, we have shown that in normal cells incubated in LPDS the addition of LDL for 24 hr caused a 10-fold increase in cholesteryl ester content (from 1.4 to 14 iug of sterol per mg of cell protein), whereas no significant change was seen in the mutant cells (from 0.67 to 0.46 ,ug of sterol per mg of cell protein). The addition of 0.1 mM oleate did not further increase the content of cholesteryl esters in either cell line (manuscript in preparation). At 0.1 mM oleate, 14C-labeled cholesteryl ester formation was linear with time for at least 4 hr (Fig. 2B) . In the mutant cells, cholestervl ester formation was virtually undetectable at all levels of oleate despite the presence of a large amount of LDL in the medium (Fig. 2A) .
The material isolated as 14C-labeled cholesteryl esters in the standard thin-layer system migrated identically with authentic cholesteryl oleate in two additional thin-layer silica gel systems: 100% benzene .(RF 0.7) and tetralin-hexane (Fig. 3) . The half-maximal rate was obtained at 40 ,g/ml of LDL-cholesterol (equivalent to 24 ,ug/ ml of LDIprotein). This value is similar to the half-maximal concentration for LDL binding (10 Mg/ml of LDL protein) (1, 2). In the absence of LDL, the rate of esterification in the mutant cells was low and equal to that in the normal. However, the mutant cells showed no stimulation by LDL at any level. In other experiments, HDL-cholesterol in concentrations up to 200 Mg/ml (1000 ug/ml of HDL-protein) did not stimulate ['4C]oleate incorporation into cholesteryl [14C]-esters in normal cells.
The addition of cholesterol to the medium in a nonlipoprotein form increased the rate of esterification in both the normal and mutant cells (Fig. 3, inset) . In the normal cells, at equal cholesterol concentrations the rate of esterification was higher with LDL than with nonlipoprotein cholesterol, whereas the converse was true in the mutant cells, indicating that the latter do not lack the ability to esterify cholesterol provided the LDL receptor can be bypassed.
When LDL was added at a nonsaturating level, the rate of esterification remained low for 3 hr, increased sharply between 3 and 8 hr, and remained constant over the next 24 hr (Fig. 4) . At a saturating level of LDL, the 3-hr lag was not observed. When the normal cells were incubated with nonlipoprotein cholesterol, the rate of esterification increased gradually over a 24-hr period but never reached the level seen with LDL (Fig. 4, inset) . (Fig. 5A ). In the absence of lipoproteins, the radioactivity in cholesteryl esters decreased by about 50% between 6 and 24 hr. The addition of HDL had no effect on (Fig. 5A) . When the initial incubation was performed in the presence of unlabeled oleate and the cells were then switched to medium containing ["4C]oleate, the synthesis of cholesteryl esters ceased after 6 hr both in the absence of lipoproteins and in the presence of HDL (Fig. 5B) (Fig. 6 ).
This decline occurred despite a continued synthesis of cholesteryl esters as indicated by the 24-hr pulse label experiments conducted at 48 and 72 hr (Fig. 6 ). These data suggest that when normal cells are exposed to LDL, a continual synthesis and hydrolysis of cholesteryl esters occurs so that the cellular cholesteryl ester content is determined by a balance between the rates of these two processes.
DISCUSSION
Cholesterol is believed to be esterified in mammalian tissues by two major mechanisms (12, 13) . One of these processes occurs in plasma and involves the transfer of fatty acids from lecithin to cholesterol through the action of the plasma enzyme lecithin: cholesterol acyltransferase, which acts specifically on HDL-cholesterol (12) . In solid tissues, esterification of cholesterol appears to involve microsomal enzyme systems that catalyze the transfer of fatty acids from their acyl coenzyme A thiol esters to cholesterol (13) . In contrast to the requiremnent for specific lipoproteins in the plasma esterification system, a role for lipoproteins in the cellular process has not hitherto been clearly defined (13 In the present studies we have described a mechanism for cholesterol esterification in human fibroblasts that appears to be specific for cholesterol derived from LDL. The unique feature of this reaction is that it requires the presence of a cell surface receptor that recognizes the protein component of LDL. Evidence for the role of the LDL receptor in this esterification mechanism stems from two observations: (i) the LDL saturation curve for esterification is similar to that previously demonstrated for LDL-receptor binding (1, 2) , and (ii) fibroblasts from subjects with homozygous FH, which lack the LDL receptor (1-3), show no increase in cholesterol esterification in the presence of LDL. The reciprocal decrease in free cholesterol synthesis and increase in cholesteryl ester formation induced by LDL in normal cells raise the possibility that the increase in cholesteryl esters is an intermediate event necessary for suppression of hydroxymethylglutaryl CoA reductase activity. Consistent with this hypothesis is the observation that nonlipoprotein cholesterol, which acts in the absence of the LDL receptor (5, 14) , induces cholesterol esterification (Fig. 3) and suppresses hydroxymethylglutaryl CoA reductase activity equally well in both normal and homozygous FH cells (5, 14) .
Since about 70% of the cholesterol in LDL normally exists in an esterified form (13) 
